We present a demonstration of the surface plasmon phenomenon as it occurs in thin metal island films. The metal films are deposited on glass microscope slides. The effect of the surface plasmon resonance may be observed visually on the slide without further apparatus. Heating the film changes the shape of the islands and therefore the resonant frequency of the surface plasmon and changes the color of the film. Placing the film in a dielectric medium changes the resonance condition for the surface plasmon again and changes the color again. We show this by coating the slides with commercially available liquids with different indices of refraction. We present a theoretical model that assumes the islands are oblate spheroids. There are enough details given so that the equations can be programed and the theoretical optical absorbance can be reproduced. We also present a modification to the theory so that the shift in resonant frequency can be calculated when the spheroids are immersed in the index fluids. We describe our apparatus for making thin films and our optical spectrometer system. We then present optical absorbance measurements of thin films of both Ag and Au in air and in two liquids with different indices of refraction.
I. INTRODUCTION
Surface plasmons were discovered in 1957 1 and since then there has been considerable study of the fundamental properties of plasmons and their applications. For applications, a wide variety of work has been done in seemingly disparate areas. For example, studies have been made of surface plasmon contributions to surface-enhanced Raman scattering, 2 surface interactions with photoemission, 3 and optical-grating characterization. 4 Surface plasmon resonance has been used to produce a wide variety of optical sensors. A surface plasmon can be generated by the interaction of an electron-rich surface, such as that of a metal, with a charged particle or with a photon. It is a collective, quantized oscillation of the conduction electrons near the surface of the metal or semiconductor.
Surface plasmons can be generated in continuous thin films ͑30-50 nm͒ by using configurations in which light is incident on the film from a medium with an index of refraction greater than 1. A common configuration to accomplish this is the Kretschmann configuration. 5 In this configuration, shown in Fig. 1 , the light is incident on the film through the prism and at an angle greater than the critical angle. The evanescent wave interacts with the film and generates the surface plasmon. The surface plasmon is detected by carefully adjusting the angle of incidence. When the surface plasmon angle ( sp ) is reached, the reflected intensity is dramatically quenched as the energy is transferred to the film.
Surface plasmons can be effectively generated in metal or semiconductor particles when the spatial dimensions of the particle are smaller than half the wavelength of the light incident on the particle. It has been known for some time that the condensation of evaporated metal onto a substrate does not produce continuous, microscopically uniform films. 6 For films less than 20 nm thick, the materials are deposited at nucleation points producing electrically isolated islands. This phenomenon is attributed to high surface mobility. There has been extensive investigation of the optical properties of metal island films [7] [8] [9] [10] [11] [12] with several theories applied to model the optical response of these films. The surface plasmon for island films can be generated by direct interaction with incident light and does not require the prism configuration of the continuous thin films. The surface plasmon can be detected by simply measuring the optical transmittance of an island film.
For both thin films and island films, the resonance condition which generates the surface plasmon is very sensitive to the optical properties of the dielectric medium in contact with the film. This phenomenon has been extensively exploited to develop a tremendous variety of sensors and remains a very intense area of research. A chemically sensitive layer applied to the film has allowed the development of sensors such as immunoassay, 13 gas, 14 and liquid. 15 Surface plasmon resonance has emerged as a powerful tool in biosensing. 16 Its ability to probe dynamic surface processes in real time and in situ without biomarkers is almost without peer. Traditionally, the Kretschmann configuration with continuous films is used in these sensors. This configuration is relatively large and expensive and difficult to implement for remote sensing applications. However, several surface plasmon sensors have been developed that are essentially miniature versions of the Kretschmann configuration. One such version, developed by Texas Instruments, 17 is a chip with an LED array light source and a photodiode array along with signal analysis hardware. The surface of the chip is covered with a flattopped glassy material that acts as the prism. The flattop is metal coated and light is totally reflected from the lower side of this surface. The light couples into the metal and generates plasmons. A sensing medium is attached to the metal. This device is now being marketed as a hand-held chemical sensor. Plasmon sensors using continuous films have also been developed on optical fibers. 18, 19 Because the light in a fiber is confined by total internal reflection, the fiber functionally replaces the prism. The metal film is deposited on the fiber surface and a sensing layer is applied to the film. The optical transmittance of the fiber is used to sense the presence of the analyete. A commercial version of this sensor is available from Pharmacia ͑Uppsala, Sweden͒. A fiber optic sensor using island films has been developed using two different configurations. The sensitivity has been demonstrated and applications are under development. 20, 21 Several experiments demonstrating surface plasmons in continuous thin films suitable for undergraduate participation have been reported over the years in this Journal. [22] [23] [24] They all use the Kretschmann configuration, which requires a metal-coated prism or bringing a prism into intimate contact with a metal-coated surface. This requires development of a suitable holder to coat the prism or some clamping system to force the prism surface into sufficient contact with the film. The surface plasmon may be observed by rotating the prism and measuring the reflectance as a function of angle of incidence. The prism must be rotated precisely using a suitable rotation platform as the entire effect of surface plasmon resonance occurs within one degree of rotation of the angle of incidence. Alternatively, the resonance may be observed using a spectrometer to scan through wavelengths keeping the angle of incidence constant.
We present a demonstration of the surface plasmon phenomenon as it occurs in thin metal island films. This experiment is simplified over the continuous film version in several ways. First, our metal films are deposited on glass microscope slides. The effect of the surface plasmon resonance may be observed visually on the slide without further apparatus because the color of the slide is not the characteristic color of the metal that forms the film. Heating the film changes the shape of the islands and, therefore, the resonant frequency of the surface plasmon, and the color of the film. Placing the film in a dielectric medium also changes the resonance condition for the surface plasmon and changes the color again. We show this by coating the slides with commercially available liquids with different indices of refraction. We present a theoretical model that assumes the islands are oblate spheroids. There are enough details given so that the equations can be programed and the theoretical optical absorbance can be reproduced. We also present a modification to the theory so that the shift in resonant frequency can be calculated when the spheroids are immersed in the index fluids. We describe our apparatus for making thin films and our optical spectrometer system. We then present optical absorbance measurements of thin films of both Ag and Au in air and in two liquids with different indices of refraction.
II. THEORETICAL DEVELOPMENT
A theory to describe the absorbance spectra of oblate spheroids was developed by Kennerly et al. 8 following a formalism developed by Ritchie et al. 25 We present a summary of the theory here and show the equations required to calculate the optical absorbance. Two assumptions in our analysis are the following. First, that the particles are much smaller than the wavelength of light and therefore we may apply nonretarded electrodynamics ͑the dipole approximation͒ and, second, that the particles are noninteracting. Laplace's equation in oblate spheroidal coordinates is
͑1͒
Here is a coordinate that, held constant (ϭ 0 ), describes the surface of a spheroid, and is a coordinate that, held constant (ϭ 0 ), describes a hyperboloid which intersects the surface of the spheroid orthogonally. The focal length is a and is the angle between the z axis and the asymptote of the hyperboloids. Laplace's equation is solved to obtain the electric potential inside and outside the spheroid. The potential are
where Q lm (i) and P lm (i) are the Legendre functions of imaginary argument, Y lmp are the real spherical harmonics, and the position angles and are the same as those in spherical coordinates and as described above. The incident electric field induces a surface charge density at the surface of the spheroid that may be calculated from the difference in the electric field inside and outside the spheroid. These electric fields may be obtained by taking the negative gradient of the potentials. We assume an idealized charge density that is zero everywhere except at the surface. So the surface charge density is related to the volume charge density by a delta function and a scale factor
where h is the scale factor and is given by The volume charge density may be integrated over the volume of the spheroid to give the dipole moment. The polarizabilities ␣ x , ␣ y , and ␣ z of the spheroid along the three Cartesian axes follow from the dipole moment. They are
Here 0 is called the shape parameter and represents the surface of the spheroid. The range of 0 is 0 to ϱ, where 0 ϭ0 is a straight line between the focal points of the ellipse and 0 ϭϱ is a circle of infinite radius. For a spheroid, 0 is related to the minor to major axis ratio ͑R͒ by
The ⑀ lm are the dispersion relations for the spheroid and they are
⑀() is the complex dielectric response function for the metal that forms the spheroid. An extensive compilation of optical constants of elements and compounds may be found in a multivolume set of books edited by Palik. 26 The Legendre polynomials are
From the expressions for induced dipole moment, the scattered fields at large distances from the spheroid may be calculated and combined with the incident field to find the total power dissipated by the spheroid. This leads to the following expressions for the total cross section:
where is the angle of incidence of the incoming light. The subscripts s and p denote light polarized perpendicular and parallel to the plane of incidence, respectively. The absorbance is defined as
where N is the density of particles and is determined by microscopy.
If the metal particles are surrounded by a dielectric, the resonance frequency of the surface plasmon can be shifted. We can approximate this effect for the spheroids by using the analogy of a thin uniform dielectric film in contact with a dielectric material. The details have been reported previously 27 and we report a summary here so that the calculation may be reproduced by the reader. We calculate modified versions of ⑀ 11 and ⑀ 10 in the same manner as with a continuous film giving new resonance conditions and strengths. Here we assume that the particles are lying on a substrate and are represented by a metal of thickness a and with dielectric function ⑀ 0 (). The metal is coated by a dielectric material with dielectric function ⑀ a (). The dispersion relation is then
where K is the wave vector of the surface plasmon. By analogy with the continuous thin film dispersion relation, Eq. ͑17͒ can also be written as
This quadratic equation can be solved for new values of ⑀ 11 and ⑀ 10 that can be substituted into the polarizability expressions and from these a new absorbance curve may be generated. An example of the results of the theoretical optical absorbance is shown in Fig. 2 . Here we have plotted the optical absorbance of an Au film with the shape parameter 0 set to 0.7 that corresponds to an absorption peak in air with a maximum absorbance at 535 nm. The plot shows the effect of immersing the particles in dielectric media with different indices of refraction. The results are similar for Ag films except that the peak positions are shifted about 100 nm toward the blue end of the spectrum. 
III. EXPERIMENT

A. Apparatus
In this section we will describe the procedure and equipment used in the deposition and data acquisition. Film depositions are made in a metal bell jar vacuum chamber that contains both an e-beam and a thermal vapor deposition system. A diagram of the deposition system is shown in Fig. 3 . This vacuum system is pumped by a 300 l /s turbo pump backed by a direct-drive rotary oil roughing pump. A molecular sieve filter is used in the foreline to minimize backstreaming. Substrates are held in the upper part of the chamber on the bottom side of a deposition stage. The thickness and deposition rate of the deposited material are determined by a quartz crystal thickness monitor. A rotatable shutter separates the substrate from the deposition boat or the e-beam hearth until the proper deposition rate is established.
The apparatus used for the optical measurements is a lowcost system but the measurements can be performed in any UV-visible spectrophotometer. The optical components are mounted on an optical bench and a diagram of the optical system appears in Fig. 4 . A quartz-halogen 21 V-150 W lamp is powered by a Lambda regulated power supply. The light from the lamp passes through an iris open to about 0.5 cm, where it then passes through the sample. A UV transmitting filter from ESCO Products, Inc.
28 follows, to enhance the wavelengths of 370 to 500 nm. The light is collected by a 25-mm-diam fiber optic collimator from Sigma-Netics, Inc. 29 and is transmitted to an Ocean Optics, Inc. model SD2000 fiber optic spectrometer. 30 The spectrometer is interfaced to a Pentium ® PC with acquisition software supplied by the spectrometer manufacturer.
B. Sample preparation
Films were deposited on glass microscope slides cleaned with a 5-min acetone wash in an ultrasonic cleaner followed by a 5-min methyl alcohol wash in the ultrasonic cleaner. The slides are then blown dry and mounted on the deposition stage. The metal used is 99.999% Ag or Au in 1-to 3-mm chunks. 31 Depositions can be made with either the e-beam deposition system or with the thermal vapor deposition apparatus. Films deposited by either system give identical results. Depositions are usually made at base pressures between 5 and 8ϫ10 Ϫ7 Torr. Film thicknesses for this experiment were 60 Å deposited at a rate of 1 Å/s. Samples that were heated to change the particle shape were heated in a quartz tube lined furnace that was held at 250°C for the Ag samples and 400°C for the Au samples. Each sample was heated for 1 min. An atomic force microscope ͑AFM͒ image of an unheated Au film is shown in Fig. 5͑a͒ and the Au film after heating is shown in Fig. 5͑b͒ . The heating causes the surface tension of the metal to draw the islands from a flat pancake shape into a shape similar to a door knob. This change in shape causes a shift in the resonance frequency of the plasmon. Immersing the particles in a dielectric medium produces a depolarizing effect because of image charge formation in the dielectric. This depolarization also causes a shift in the resonance frequency of the surface plasmon.
The microscope slides were cut into four equal pieces for data acquisition. Two of them are heated and the others are left unmodified. The samples are placed in a holder that keeps them vertical in front of the iris. A cover slide is placed on top of the metallized surface of each of the slides. When measurements are made using index matching fluid, the fluid is applied to the edges of the ''glass sandwich,'' where capillary action spreads the fluid evenly over the internal surfaces. Optical absorbance curves were obtained for both heated and unheated samples in air, in nϭ1.5 fluid, and in nϭ1.75 fluid. Data were acquired for the same Ag or Au films before and after the insertion of the index fluid. Two bare glass slides are used as a reference for samples with no index fluid. Using two slides with fluid as a reference helped compensate for some thin film effects of the thin fluid layer but these effects were not eliminated for the nϭ1.75 fluid. The optical absorbance of this fluid increases dramatically at wavelengths below about 380 nm. The index fluids used were obtained from R. P. Cargille Laboratories, Inc. 32 and Fig. 3 . A schematic of the deposition system used to produce the metal films. The system has both an e-beam and a thermal deposition system in the chamber and is pumped by a turbo pump. 
IV. RESULTS
A. Silver
A photo of a typical Ag film is shown in Fig. 6 . We show an as-deposited unheated film on the left, a film heated to 250°C on the right, and with nϭ1.75 fluid surrounding the particles on part of the heated film. A cover slide has been placed on the fluid to make a uniform film. At the bottom, Fig. 6 also shows a slide with the same fluid and a cover slide to show that the fluid is transparent in the visible. The 60-Å silver film looks purple before heating. After 1 min of heating at 250°C the film turns yellow. With the 1.75 index fluid added, the covered part of the slide changes color, again becoming purple, having almost the same color it had before heating. With the index fluid of 1.50 ͑not shown͒, the Ag film turned pink. These results are easily reproducible.
The optical absorbance of Ag as a function of wavelength for an unheated film and heated films in air, nϭ1.5 fluid, and nϭ1.75 fluid is shown in Fig. 7 . The unheated samples have a broad absorbance with a peak around 550 nm with minimum absorbance at about 400 nm. This absorbance minimum corresponds to the blue color of the unheated films. After heating, with the samples in air, the absorbance peak narrows considerably with a maximum absorbance of 0.5 at a wavelength of 425 nm. With the narrowing of the absorbance peak, the film removes the blue part of the visible, leaving the yellow color when viewed in transmission. When submerged in the index fluid of 1.500, the peak shifts to 500 nm, with an absorbance of 0.7. This shift removes more of Fig. 2 shows that the absorbance increases and shifts toward the red end of the spectrum as the index of the surrounding medium increases.
B. Gold
The procedure for the preparation and data acquisition of the gold films is identical to that for the silver films except that, since Au has a higher melting point, the 60-Å-thick Au films were heated at 400°C for 1 min. Figure 8 shows an Au film in the same configuration as the Ag film with an unheated slide on the left and heated one on the right. Part of the heated film is covered with a cover slide and has the n ϭ1.75 fluid on the particles. As with the Ag film, the index fluid is applied to a sample with a cover slide to make the fluid uniform thickness. The unheated Au films appear bluegreen in transmittance and turn reddish pink after heating. After the 1.500 index fluid was inserted, the films appeared yellow, and with the 1.750 fluid the film appears blue. Color photographs of these Ag and Au films may be viewed on the web at www.people.memphis.edu/ϳphysics/mcb/ mbuncick.html.
The optical absorbance of Au as a function of wavelength for an unheated film and heated films in air, nϭ1.5 fluid, and nϭ1.75 fluid is shown in Fig. 9 . The gold samples in air have a broad absorbance with a peak around 800 nm. The film appears blue-green, because the minimum absorbance is at about 525 nm and the film transmits well from 525 to 400 nm. In the heated samples, the absorbance peak is again narrowed significantly and is a maximum at approximately 560 nm at about 0.30 absorbance units. The minimum absorbance is at the red end of the spectrum and also transmits well between about 500 and 400 nm. Thus the film appears reddish pink due to the combination of red and blue. With the 1.500 index fluid the peak absorbance shifts to 625 nm at an absorbance of about 0.38 with a minimum absorbance at Fig. 6 . A photo of a 60-Å Ag film. The slide on the left-hand side is the as-deposited island film and is purple in color. The slide on the right-hand side is the film after heating to 250°C for 1 min. The left half is the film in air and is yellow and the right half is the film covered with nϭ1.75 fluid and a cover slide. The left half is yellow and the film covered with the n ϭ1.75 is purple. The slide at the bottom is the fluid on a bare slide with a cover slide showing that the fluid has no color. about 500 nm. The transmitted red plus the transmitted green give the yellow color of the film. Finally, with the 1.750 index fluid, the absorbance peak was shifted by another 50 nm, to 675 nm, and reached an absorbance of about 0.48. Now the red is removed from the transmitted light, leaving the green and blue part of the spectrum and the film appears blue. Again the characteristic redshift and increase in absorbance occurs with increasing index of the surrounding medium as predicted by the model.
V. CONCLUSION
We have demonstrated how metal island films can be used to show the effect of surface plasmon resonance on the optical properties of the films. The color of the film changes as the shape of the islands changes and after the film is immersed in a dielectric medium. This property has been exploited to make optical sensors. The films may be prepared in a common thin film deposition chamber. The generation of these films along with a duplication of the theory could be used as a project in an advanced lab or as part of an optics course. The dramatic changes in the color of the film can be demonstrated on an overhead projector for a more general audience.
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